Escherichia coli is used as a model organism for elucidation of menaquinone biosynthesis, for which a hydrolytic step from 1,4-dihydroxy-2-naphthoyl-coenzyme A (DHNA-CoA) to 1,4-dihydroxy-2-naphthoate is still unaccounted for. Recently, a hotdog fold thioesterase has been shown to catalyze this conversion in phylloquinone biosynthesis, suggesting that its closest homolog, YbgC in Escherichia coli, may be the DHNA-CoA thioesterase in menaquinone biosynthesis. However, this possibility is excluded by the involvement of YbgC in the Tol-Pal system and its complete lack of hydrolytic activity toward DHNA-CoA. To identify the hydrolytic enzyme, we have performed an activity-based screen of all nine Escherichia coli hotdog fold thioesterases and found that YdiI possesses a high level of hydrolytic activity toward DHNA-CoA, with high substrate specificity, and that another thioesterase, EntH, from siderophore biosynthesis exhibits a moderate, much lower DHNA-CoA thioesterase activity. Deletion of the ydiI gene from the bacterial genome results in a significant decrease in menaquinone production, which is little affected in ⌬ybgC and ⌬entH mutants. These results support the notion that YdiI is the DHNA-CoA thioesterase involved in the biosynthesis of menaquinone in the model bacterium.
M
enaquinone is a lipophilic vitamin (K 2 ) that plays important biological roles in humans and animals (1) (2) (3) (4) . In bacteria, it serves as a respiration electron transporter through reversible redox cycling between its hydroquinone and quinone forms (5) . It is synthesized from chorismate either through a pathway involving o-succinylbenzoic acid (OSB) as a precursor (6) or through a newly discovered pathway using futalosine as an intermediate (7, 8) . Due to its absence in humans and animals, the bacterial menaquinone biosynthesis has been an attractive target for development of novel antibiotics against pathogenic microbes such as Mycobacterium tuberculosis (9) (10) (11) .
The facultative anaerobe Escherichia coli has been used as a model bacterium for elucidation of the classical menaquinone biosynthetic pathway (12) . Early studies of this pathway focused on the genetics of the biosynthesis, leading to identification of eight biosynthetic genes located at three loci, namely, menA, ubiE, and the menFDHBCE cluster. In biochemical characterization of the gene products, MenD was found to synthesize (1R,2S,5S,6S)-2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate (SEPHCHC) as a new intermediate (13, 14) , rather than the previously proposed (1R,6R)-2-succinyl-6-hydroxyl-2, 4-cyclohexadiene-1-carboxylate (SHCHC). Subsequently, MenH was identified as the genuine SHCHC synthase, which catalyzes a stepwise elimination reaction with a serine-histidine-aspartate catalytic triad (15, 16) . These findings have significantly reshaped the classical pathway as shown in Fig. 1 , which requires nine enzymatic conversions but has only eight known enzymes. To fully account for the biosynthesis of menaquinone, a thioesterase is needed for the hydrolytic conversion from 1,4-dihydroxy-2-naphthoyl-coenzyme A (DHNA-CoA) to 1,4-dihydroxy-2-naphthoate (DHNA), which was once thought to be catalyzed by the preceding enzyme, MenB. This possibility, however, has been ruled out by the recent characterization of the enzyme as a dedicated DHNA-CoA synthase (17) (18) (19) .
Through a homolog search for the known men genes, the classic menaquinone biosynthetic pathway has been found to operate in a large number of bacteria (20) as well as in plants, algae, and cyanobacteria in the biosynthesis of phylloquinone (21) (22) (23) , which shares the same naphthenoid core structure as menaquinones and relays electrons in photosynthesis. Recently, a cyanobacterial hotdog fold thioesterase and its plant homologs have been shown to catalyze DHNA-CoA hydrolysis in phylloquinone biosynthesis (24, 25) ; the closest homolog to this thioesterase in E. coli is YbgC. However, it is still unknown whether YbgC is indeed involved in menaquinone biosynthesis in the bacteria.
In this study, we expressed YbgC to test its potential involvement in menaquinone biosynthesis but found that it has no detectable DHNA-CoA thioesterase activity. Activity-based screen of all eight other hotdog thioesterases in E. coli found that YdiI, whose function is unknown, and YbdB (or EntH), involved in biosynthesis of the siderophore enterobactin as a type II thioesterase, are active toward DHNA-CoA. Through analysis of menaquinone production in mutants with deletions of the corresponding genes, we have obtained evidence that YdiI is involved in biosynthesis of menaquinone in E. coli.
MATERIALS AND METHODS

Chemicals.
The following chemical reagents were purchased from Sigma: dithio-bisnitrobenzoic acid (DTNB), acetyl-CoA, palmitoyl-CoA, salicylic acid, 3,4-dihydroxybenzoic acid, 3,5-dihydroxybenzoic acid, 1-hydroxyl-2-naphthoic acid, 1,4-dihydroxy-2-naphthoic acid (DHNA), benzoic acid, 3-hydroxybenzoic acid, and 4-hydroxybenzoic acid. Biochemicals, including menaquinone-4, coenzyme A, ATP, isopropyl-␤-Dthiogalactopyranoside (IPTG), buffers, and other salts, were also purchased from Sigma.
The following aryl-CoA substrates were prepared from the corresponding carboxylic acids and coenzyme A as described previously (15, 26, 27 ): 1,4-dihydroxy-2-naphthoyl-CoA (DHNA-CoA), 1-hydroxy-2-naphthoyl-CoA (1-HNA-CoA), salicylyl-CoA (SA-CoA), 3,4-dihydroxybenzoyl-CoA, 3,5-dihydroxybenzoyl-CoA, benzoyl-CoA, 3-hydroxybenzoyl-CoA, and 4-hydroxybenzoyl-CoA. All the synthesized thioester substrates were purified by reverse-phase high-pressure liquid chromatography (RP-HPLC). Reagents used in the synthesis, such as N-hydroxysuccinimide (NHS) and N,N=-dicyclohexylcarbodiimide (DCC), were also purchased from Sigma without further treatment.
Expression and purification of proteins. Overexpression and purification of E. coli EntH or YbdB have been described previously (15, 26) . The genes of other hotdog fold proteins in E. coli were amplified from the genomic DNA of Escherichia coli K-12 substrain MG1655 using primers listed in Table 1 and subcloned into pETM (Promega) for expression of the proteins with an N-terminal hexahistidine tag. The recombinant proteins were expressed in BL21(DE3) in Luria broth containing 0.2 mM IPTG at 18°C for 16 h and purified to Ͼ95% purity by a combination of metal-chelating chromatography and size exclusion chromatography. The purified proteins were quantified by a Coomassie blue protein assay kit (Pierce) using bovine serum albumin as the standard and stored in 50 mM Tris-HCl buffer (pH 7.8) containing 10% glycerol and 50 mM NaCl at Ϫ20°C until use. Protein concentrations from this Bradford assay are consistent with those determined by UV absorption of the proteins at 280 nm using extinction coefficients calculated with ProtParam at ExPASy (http://web.expasy.org/protparam/).
Thioesterase activity assay. For aryl-CoA substrates, the thioesterase activity was determined on the basis of the difference in UV-visible light absorption between the substrate and the hydrolytic product as described previously (15, 27) . All kinetic measurements were carried out in 200 mM sodium phosphate buffer (pH 7.0) in triplicate at 25 Ϯ 0.5°C. The concentration of the enzyme was adjusted to ensure that consumption of the substrate was less than 5% within the first 3 min of the reaction, during which the initial velocity (v) was measured. In determination of the DHNA-CoA thioesterase activity, the reactions were initiated by adding 10 nM EntH or YdiI and monitored in real time for disappearance of DHNA-CoA by the decrease of the absorbance at 396 nm to determine the initial velocity at six different concentrations of the substrate ranging from 0.3 to 20 M. When alternative aryl thioester substrates were used, their concentration was adjusted to ensure accurate determination of the K m value, while the enzyme concentration was lowered to 2 nM. The initial velocity was measured at six different concentrations in the ranges of 2.0 to 40 M for 1-hydroxy-2-naphthoyl-CoA, 50 to 500 M for salicylylCoA, and 10 to 250 M for 3,4-dihydroxybenzoyl-CoA and 3,5-dihydroxybenzoyl-CoA. The kinetic parameters of maximum velocity (v max ) and K m were determined through the nonlinear regression method from 
the initial velocity data measured as a function of substrate concentration, using the Michaelis-
is the substrate concentration, v is the initial velocity, and K m is the Michaelis constant. The k cat value was calculated from the ratio of v max and the concentration of the thioesterase monomer (all known hotdog fold thioesterases contain one active site per monomer). A reported method was modified for the measurement of the thioesterase activity toward acetyl-CoA and palmitoyl-CoA (28) . The newly released free thiol from the acyl-CoA substrates was monitored in real time at 412 nm in the presence of excess Ellman's reagent (dithiobisnitrobenzoic acid [DTNB]). The assay was carried out in 200 mM phosphate buffer (pH 7.0) containing 0.8 to 6 mM acetyl-CoA and a 15 M concentration of YdiI or other proteins.
Bacterial strains and determination of quinone levels in E. coli mutants. The E. coli strains used in this study are listed in Table 2 . For anaerobic culturing of the strains, 300 ml of Luria broth supplemented with 40 mM dimethyl sulfoxide was inoculated with 4.5 ml of overnight cell culture in a sealed 500-ml flask, which was degassed by vacuum and flushed with nitrogen for three cycles before inoculation. The cells were grown at 37°C and 180 rpm. For aerobic culturing, 300 ml of Luria broth was inoculated with 4.5 ml of overnight cell culture in a 1-liter flask with a cotton stopper. The cells were grown at 37°C and 250 rpm.
A reported method was slightly modified for extraction and quantitation of quinones from the cells by reverse-phase high-pressure liquid chromatography (RP-HPLC) (29) . The wet cells from a 300-ml culture were harvested at an A 600 of 0.7ϳ1.2, weighed, and suspended in 15 ml of methanol. The cell suspension was then extracted four times, each time with 15 ml of petroleum ether. The extracts were combined and evaporated to dryness under reduced pressure, and the residue was finally dissolved in ethanol. The quinone contents were analyzed and quantified by HPLC on an XTerra RP18 analytical column (10-m particle size, 19 by 150 mm) using water-methanol (1/99) as the mobile phase for isocratic elution at a flow rate of 1 ml/min. The quinones were separated in the order menaquinone-4 (4.0 min), ubiquinone-8 (UQ-8) (12.8 min), demethylmenaquinone-8 (DMK-8) (19.6 min), and menaquinone-8 (MK-8) (24.0 min), which was authenticated by UV spectroscopy. The elution was monitored at both 270 nm (for both naphthoquinone and ubiquinone) and 245 nm (for naphthoquinone) with a Waters model 2487 dual absorbance detector. Menaquinone-4 was used as an internal standard to quantify the content of the quinones assuming that menaquinone-8, demethylmenaquinone-8, and ubiquinone-8 have the same molar absorption coefficient as menaquinone-4 at 245 nm. The content of each quinone in a bacterial strain was averaged from at least three independent measurements.
RESULTS AND DISCUSSION
Assay of YbgC for DHNA-CoA thioesterase activity. YbgC is one of the hotdog fold proteins in E. coli that shares the highest (28%) sequence identity with the hotdog fold thioesterase Slr0204, shown to be the DHNA-CoA thioesterase in phylloquinone biosynthesis of Synechocystis (24) . To test the probability of YbgC as a DHNA-CoA thioesterase, the protein was readily expressed and purified to homogeneity as a soluble protein with an N-terminal hexahistidine tag (Fig. 2) . However, it was found to possess no detectable hydrolytic activity toward DHNA-CoA or its aryl-CoA analogs, which included 1-hydroxy-2-naphthoyl-CoA (1-HNACoA), 3,4-dihydroxybenzoyl-CoA (3,4-DHB-CoA), and 3,5-dihydroxybenzoyl-CoA (3,5-DHB-CoA). It exhibited only negligible thioesterase activity toward salicylyl-CoA and acetyl-CoA, with a catalytic efficiency smaller than 6.0 M Ϫ1 · s Ϫ1 . The recombinant YbgC with its N-terminal hexahistidine tag removed by thrombin was also found to be inactive toward DHNA-CoA or other aryl-CoA substrates.
The lack of thioesterase activity of the recombinant YbgC shown here is consistent with previous characterization of its activity in which the protein was found to be moderately active toward acyl-CoA substrates, with the highest catalytic efficiency of 40 M Ϫ1 · s Ϫ1 for propionyl-CoA (30) . Actually, ybgC is part of the Tol-Pal operon involved in maintenance of cell envelope integrity and material transport through the periplasm. Although the exact role of this protein in the Tol-Pal system is still unknown, YbgC is known to affect the virulence and survival of Erwinia chrysanthemi (31) . Due to its involvement in the Tol-Pal system and its lack of hydrolytic activity for DHNA-CoA, YbgC is very unlikely to be involved in the menaquinone biosynthesis in spite of its sequence homology to the committed DHNA-CoA thioesterase (Slr0204) in Synechocystis (24) .
Assay of various hotdog fold proteins for DHNA-CoA thioesterase activity. Thioesterases are a large family of proteins in the hotdog fold superfamily that encompasses a large number of proteins involved in diverse biological processes. Despite the conserved hotdog fold, these enzymes exhibit a high degree of sequence diversity, with only one conserved carboxylate residue, Asp or Glu, as the catalytic base or nucleophile (32) . In consideration of this low sequence conservation, it is possible that another hotdog fold thioesterase is involved in menaquinone biosynthesis even though it is less homologous to Slr0204 of Synechocystis phylloquinone biosynthesis than YbgC. There are all together 12 hotdog fold proteins encoded in the E. coli genome (33), of which FabA and FabZ are ␤-hydroxyacyl-acyl carrier protein (ACP) dehydratases involved in fatty acid biosynthesis (34) and MaoC is an enoyl-CoA dehydratase in polyhydroxyalkanoate biosynthesis (35) . The remaining hotdog fold proteins, namely, PaaI, TesB, YbaW, YbdB (or EntH), YbgC, YciA, YdiI, YigI, and YiiD, are all thioesterases. Among them, YdiI, YigI, and YiiD do not have a known physiological role, whereas YciA and TesB are suggested to be involved in lipid metabolism (36) (37) (38) and YbgC is involved in the Tol-Pal system without a clearly defined role. The physiological functions of other thioesterases are more certain: YbdB (EntH) has been shown to serve as a type II thioesterase in enterobactin biosynthesis (26, 33) , PaaI is involved in the phenylacetate degradation pathway (39, 40) , and YbaW has recently been shown to be the third thioesterase (thioesterase III) in fatty acid ␤-oxidation (41) . To test whether any of these thioesterases is involved in menaquinone biosynthesis, they were all overexpressed and purified to homogeneity as a hexahistidine-tagged protein at the N terminus and screened for DHNACoA hydrolytic activity.
Using DHNA-CoA at 100 M as the substrate, the specific thioesterase activities of the hotdog fold proteins were determined; they are shown in Fig. 3 . The enzyme YdiI was shown to exhibit the highest level of DHNA-CoA thioesterase activity, and EntH was found to also be active in DHNA-CoA hydrolysis, with an activity significantly lower than that of YdiI. Compared to YdiI, all other E. coli hotdog fold thioesterases possess a negligible level of the hydrolytic activity toward DHNA-CoA. Noticeably, neither YdiI nor EntH shares a sequence identity higher than 20% with Slr0204 from Synechocystis or other hotdog fold thioesterases from E. coli. The screening results indeed show that sequence homology is not a good indicator of catalytic functions among hotdog fold thioesterases.
Characterization of the DHNA-CoA thioesterase activities of YdiI and EntH (YbdB). Both YdiI and EntH (YbdB) were further characterized for their hydrolytic activities. The kinetic parameters of EntH in DHNA-CoA hydrolysis were determined to be 0.33 M for the K m and 0.13 s Ϫ1 for the turnover number (k cat ). Surprisingly, the resulting catalytic efficiency (k cat /K m ϭ 4.0 ϫ 10 5 M Ϫ1 · s Ϫ1 ) for this substrate is 1 order of magnitude higher than that for salicylyl-aryl carrier protein, the physiological substrate of this enzyme (26) . Despite this high activity, EntH is unlikely to be involved in menaquinone biosynthesis, because both genetic and biochemical studies have provided unambiguous evidence for its involvement in the enterobactin biosynthesis as an editing enzyme for the nonribosomal enterobactin synthase (26, 33) . In addition, EntH is also excluded from involvement in menaquinone biosynthesis by the fact that its gene is transcriptionally regulated by the Fur-Fe 2ϩ complex responding to iron deficiency as a component of the enterobactin biosynthetic operon (42) .
Consistent with the screening results, YdiI was found to be a much more active DHNA-CoA thioesterase, with a K m of 2.5 M, a k cat of 6.2 s Ϫ1 , and a second-ordered rate constant of 2.5 ϫ 10 6 M Ϫ1 · s Ϫ1 . It was also found to possess a broad substrate spectrum by exhibiting a lower but significant hydrolytic activity toward other aryl-CoA thioesters (Table 3) . However, its hydrolytic activity for acyl-CoA thioesters such as acetyl-CoA and palmitoyl-CoA is negligible. These results show that YdiI is a highly efficient thioesterase specific for DHNA-CoA.
YdiI has not been reported to be involved in any physiological processes. Its gene is located between the suf operon and a purR regulon in the E. coli genome and is in the same transcriptional direction as two adjacent genes, ydiH and ydiJ, which encode an uncharacterized protein and a predicted flavin-dependent ironsulfur oxidoreductase related to biofilm architecture and cell mobility, respectively. No report is available to indicate that the ydiH, ydiI, and ydiJ genes form an operon with related physiological roles. Considering its high DHNA-CoA thioesterase activity, YdiI is likely involved in the biosynthesis of menaquinone in E. coli.
Effect of the ydiI knockout on production of menaquinone. To test whether YdiI directly contributes to E. coli menaquinone biosynthesis, its gene was deleted from the bacterial genome to examine the effect on the production level of the naphthoquinones. For comparison, the genes for the hotdog fold thioesterases YbgC, EntH (YbdB), YiiD, YigI, and PaaI were also individually knocked out to examine their effects on menaquinone production. The other hotdog fold thioesterases YciA, TesB, YbaW, and MaoC were not included in this test because these proteins are involved in lipid metabolism and their knockout may indirectly affect the biosynthesis of the polyisoprenyl side chain of menaquinone. As positive controls, E. coli mutants without the essential menB gene and the nonessential menH gene of the menaquinone biosynthetic pathway were also included in the test. The knockout mutants were obtained from the Coli Genetic Stock Center (CGSC) along with the parent strain, BW25113 (Table 2 ). In addition to the targeted gene deletion, all the mutants and the parent strain contain the following genotype: ⌬(araD-araB)567 ⌬lacZ4787(::rrnB-3)
Ϫ rph-1 ⌬(rhaD-rhaB)568 hsdR514. E. coli predominantly uses ubiquinone-8 (UQ-8) in respiration under aerobic conditions (6, 12) but produces menaquinone-8 (MK-8) and demethylmenaquinone-8 (DMK-8) as an obligatory electron carrier with fumarate, dimethylsufoxide, or trimethylamine N-oxide as the electron acceptor under anaerobic conditions (43, 44) . To examine the mutational effects on menaquinone biosynthesis, the mutants along with the parent strain were grown under anaerobic conditions in the presence of dimethyl sulfoxide for compositional analysis of the quinone pool. Under these conditions, the production of DMK-8 is negligible. The results for the production of MK-8 and UQ-8 are shown in Fig. 4A . As expected, the production level of UQ-8 was little affected by deletion of the investigated genes, and deletion of the essential menB gene in menaquinone biosynthesis completely eliminated the production of both MK-8 and DMK-8.
The parent strain, BW25113, and most of the hotdog fold thioesterase deletion mutants, including the ⌬yiiD, ⌬yigI, ⌬ybgC, ⌬entH, and ⌬paaI mutants, produce similar levels of MK-8 (Fig.  4A ). This result clearly indicates that the deleted genes are not directly involved in the menaquinone biosynthesis, consistent with the known physiological functions of EntH, YbgC, and PaaI. In contrast, the ⌬ydiI mutant produces 67% less MK-8 than the parent strain, similar to the ⌬menH mutant with a defective menaquinone biosynthetic pathway. This similarity in naphthoquinone decrease strongly supports that YdiI is directly involved in the biosynthesis of menaquinone like MenH, as suggested by its high DHNA-CoA thioesterase activity. The residual naphthoquinone produced by both mutants likely results from the partial complementation of the gene functions by factors of the intracellular environment. In the ⌬menH mutant, the MenH substrate SEPHCHC is known to undergo spontaneous 1,4 elimination of pyruvate to form the SHCHC product and therefore to be capable of partial complementation of the MenH activity (13) . In the ⌬ydiI mutant, the DHNA-CoA thioesterase activity may be partially complemented by slow spontaneous hydrolysis of DHNACoA due to its labile thioester function or by hydrolysis of the thioester by the thioesterases or hydrolases of other pathways, which are generally known to have broad substrate specificities as exemplified by YdiI and EntH. The inability of these cellular factors to fully complement the activity of MenH or YdiI is actually a good indicator of their direct involvement in menaquinone biosynthesis.
The parent strain, BW25113, and three deletion mutants were also analyzed for their production of the quinones under aerobic conditions (Fig. 4B) . The production of both DMK-8 and MK-8 is much lower in the ⌬menH mutant than in the bacterial strains with an intact menaquinone biosynthetic pathway, including BW25113 and the ⌬entH mutant. The ⌬ydiI mutant generates a similarly low level of MK-8 as the ⌬menH mutant, but its production of DMK-8 is similar to that of the parent strain. Overall, both the ⌬menH and ⌬ydiI mutants produce a significantly lower level of naphthoquinones than do other bacterial strains, consistent with the fact that they contain a defective menaquinone biosyn- thetic gene. Noticeably, the chosen bacterial strains produce a highly variable level of ubiquinone without a clear correlation to their genotypes.
Conservation of YdiI in menaquinone biosynthesis.
Results from the thioesterase screen, in vitro biochemical characterization, and in vivo analysis of naphthoquinone production converge to indicate that YdiI is responsible for the hydrolysis of DHNACoA in E. coli menaquinone biosynthesis, similar to the hotdog fold DHNA-CoA thioesterase Slr0204 in Synechocystis (24) . However, these two proteins share very low sequence identity (6%) in spite of their similar structures. The closest E. coli homolog of Slr0204, YbgC, is excluded from involvement in the biosynthetic pathway, providing an interesting example in which proteins with identical physiological function share a lower level of sequence homology than two functionally irrelevant proteins. This weak correlation of sequence homology with protein function may be characteristic of members in the hotdog fold superfamily, which are well known to share the same structural fold with low sequence
FIG 4
Contents of ubiquinone and naphthoquinones in the deletion mutants of menaquinone biosynthetic genes or hotdog fold thioesterase genes under anaerobic (A) and aerobic (B) conditions. BW25113 is the parent strain of the deletion mutants. Note that the amount of both naphthoquinones and ubiquinone is arbitrary, assuming that all these quinones are the same as menaquinone-4 in molar absorption coefficient at 245 nm.
homology (32) . Another example of this weak relationship is that EntH and YdiI share a high level of sequence identity (59%) with similar catalytic profiles but otherwise perform completely different physiological roles.
A large number of YdiI homologs with a sequence identity greater than 50% are found in a diverse array of microorganisms through a BLAST search of GenBank. Examination of the sequences found that all of these homologs contain the conserved catalytic base or nucleophile identified in the structures of YdiI (PDB code: 1VH5) (45), EntH (PDB code: 1VH9) (45) , and the Arthrobacter 4-hydroxybenzoyl-CoA thioesterase (PDB code: 1Q4T) (46) . Due to the high sequence identity, a large proportion of these homologs, particularly those with a sequence identity of 70% or higher, are believed to be the DHNA-CoA thioesterase in menaquinone or phylloquinone biosynthesis. However, as noted previously, the correlation between sequence homology and biological function is fragile for hotdog fold thioesterases. Further investigation is needed to determine how many of these YdiI homologs are actually involved in biosynthesis of the naphthoquinones.
In summary, we have identified YdiI as the DHNA-CoA thioesterase in menaquinone biosynthesis, which is designated MenI. This leads to complete elucidation of the model primary biosynthetic pathway in Escherichia coli. It will also greatly facilitate identification of the YdiI orthologs in other microorganisms, particularly the menaquinone-dependent pathogenic bacteria. In this regard, complete elucidation of the biosynthetic pathway will also facilitate development of novel antibiotics targeting the biosynthetic pathway.
